To identify the mechanisms that couple hemodynamic stress to alterations in cardiac gene expression, DNA constructs containing the rat B-type natriuretic peptide (BNP) promoter were injected into the myocardium of rats, which underwent bilateral nephrectomy or were sham-operated. Ventricular BNP mRNA levels were induced about 4-fold; and the BNP reporter construct containing the proximal 2200 bp, 5-fold, in response to 1-d nephrectomy. Deletion of sequences between bp ؊2200 and ؊114 did not affect basal or inducible activity of the BNP promoter. An activator protein-1-like site and two tandem GATA elements are located within this 114-bp sequence. Both deletion and mutation of the AP-1-like motif decreased basal activity but did not abolish the response to nephrectomy. In contrast, mutation or deletion of ؊90 bp GATA-sites abrogated the response to hemodynamic stress. The importance of these GATA elements to BNP promoter activation was further confirmed by the corresponding 38-bp oligonucleotide conferring hemodynamic stress responsiveness to a minimal BNP promoter. In gel mobility shift assays, nephrectomy increased left ventricular BNP GATA4 binding activity significantly. 
H EMODYNAMIC OVERLOAD, a combination of mechanical, humoral and neural factors, plays a key role in the pathogenesis of cardiac disorders, including those arising from hypertension and congestive heart failure (1) . At the genetic level, hemodynamic stress is accompanied by a transient increase in the cardiac expression of the immediate early response genes, reexpression of several fetal cardiac genes such as ␤-myosin heavy chain (␤-MHC), and skeletal muscle ␣-actin as well as the induction of atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) gene expression in the ventricle (2) (3) (4) (5) . In normal adult heart, BNP is produced by both atria and ventricles (6, 7) . The induction of BNP gene expression is one of the earliest cardiac myocytespecific markers of hemodynamic overload; indeed, cardiac BNP mRNA and protein are increased rapidly at the onset of hemodynamic stress well before the development of left ventricular hypertrophy (8 -10 ).
Because it is not possible to model in vitro the complex hemodynamic and neurohumoral stimuli that are associated with hemodynamic overload in vivo, little is known with respect to nuclear signaling involved in initiating or maintaining the response to the hemodynamic stress in the adult heart (11) (12) (13) (14) . Ayogi and Izumo (15) demonstrated that injected c-fos promoter is regulated by pressure overload stimulus in the perfused rat heart preparation and that the pressure response element coincides with a serum response element. In addition, an activator protein-1 (AP-1)-like element has been reported to be responsible for conferring pressure overload responsiveness to the ANP promoter (16, 17) , although this result is controversial (18, 19) . Previous study has also demonstrated the importance of upstream stimulatory factor 1 binding to an E-box motif as an important transcription factor in the regulation of hemodynamic mediated changes in ␣-MHC gene (20) . Furthermore, recent work has suggested that GATA binding sites seem to be required for activation of ␤-MHC (19) and angiotensin II type 1a (AT 1a ) receptor (21) expression in response to pressureoverload hypertrophy in rats. Whether these changes are coupled to increased blood pressure or ventricular hypertrophy is not clearly established.
In the present study, we used the approach of DNA injection (22) into the myocardium to identify a cis element within the BNP promoter that mediates rapid response to a hemodynamic stress stimulus produced by bilateral nephrectomy in the intact adult rat heart. Nephrectomy is a complex hemodynamic stimulus, producing volume and pressure overload as well as neurohumoral activation, including tissue renin-angiotensin system (23) (24) (25) . The BNP promoter is particularly well suited for these studies because, unlike c-fos (which is also expressed in nonmuscular cells), BNP is a cardiac myocyte-specific marker (6) that is rapidly induced by hemodynamic stress at the transcriptional level (26) . Our results show that the GATA elements are necessary and sufficient to confer hemodynamic stress responsiveness of the BNP gene.
Materials and Methods Plasmids
Rat BNP-luciferase plasmids, containing various BNP promoter fragments, were obtained by subcloning appropriate 5Ј deletions of the BNP promoter in the pXP-2 vector, as described by Grepin et al. (27) . All deletions and mutations were confirmed by sequencing.
In vivo gene transfer
The 10-to 12-wk-old male Sprague Dawley rats were anesthetized with 250 g/kg medetomidine hydrochloride, and 50 mg/kg ketamine hydrochloride ip. Plasmids in 0.9% NaCl were injected directly into the left ventricular free wall close to the apex under direct visualization by using a 100-l Hamilton precision syringe (22) . The injection vol was 100 l, based on the previously published studies in various rat models (15, 22) . The heart was then repositioned in the chest, the rats were briefly hyperventilated, and the incision was closed. Surgical and postoperative mortality was approximately 5% in all groups. At the time of death, the injection site appeared to be normal cardiac tissue with no fibrotic or necrotic signs. At the precise site of injection, a small light spot could be noted. To ensure reliable measurements of luciferase activities of the short deletion and mutation promoter constructs 1 wk after the injection, plasmid DNA consisted of 50 -100 g of the reported construct driven by the promoter of interest and 100 g of a ␤-galactosidase expression vector (pSV␤-gal, Promega Corp., San Diego, CA) to correct for variation in transfection efficiency. Because of the concern that there might be competition among promoters for transcription factors (22) , these dosages were chosen based on preliminary experiments showing that the amount of luciferase activity in cardiac homogenates increases dosedependently after injection of a constant 100 l vol containing 10 -100 g of plasmids. For p-2200BNPluc construct, luciferase activities were as follows: 10 g, 12.5 Ϯ 2.5 light units; 25 g, 21.7 Ϯ 3.8 light units; and 100 g, 76.7 Ϯ 7.6 light units (n ϭ 8 -9). Furthermore, in the animals subjected to nephrectomy and injected with 10 g p-2200BNPluc, the fold increase of luciferase activity was similar to that after injection of 100 g of the same plasmid (data not shown). Samples in which luciferase activity was less than 1.0 (background averaged 0.1-0.2), the injection failed, and values were not reported. The variation of the transfection efficiency estimated by different level of activities was less than 10%. The experimental design was approved by the Animal Use and Care Committee of the University of Oulu.
Induction of hemodynamic stress
On the sixth day after injection, the rats were anesthetized with fentanyl citrate (0.26 mg/kg), fluanisone (8.25 mg/kg), midazolam (4.1 mg/kg ip), and subjected to either bilateral nephrectomy or sham operation. Nephrectomy was accomplished by tying a 3-0 silk suture securely around the porta renalis containing the artery, the vein, and the ureter. In sham-operated animals, the kidneys were exposed, but no ligature was placed.
Blood pressure monitoring
Rats were anesthetized with 250 g/kg medetomidine hydrochloride and 50 mg/kg ketamine hydrochloride ip, and instrumented with a catheter in the descending aorta coupled with a sensor and transmitter (TA11PA-C40; Data Sciences, St. Paul, MN) for telemetric monitoring of blood pressure. Blood pressure and heart rate were measured every 10 min and averaged every 6 h. On the sixth day after implantation, the rats were subjected to either bilateral nephrectomy or sham operation, as described above.
Tissue preparation
Rats were decapitated 7 d after injection of plasmid constructs (6, 12, or 26 -28 h post nephrectomy). The basal one-third of the left ventricle was homogenized in 1 ml homogenization buffer (20 mm Tris-acetate, pH 7.5, 5 mm EDTA, 20 mm KCl, 2 mm Mg-acetate, and 0.5 mm dithiothreitol) with an Ultra-Turrax T25-tissue homogenizer (Janke und Kunkel, Stauffen, Germany). Homogenates were centrifuged at 6000 ϫ g for 10 min at ϩ4 C, and the supernatants were divided into two samples. Luciferase samples were kept in room temperature, and samples for ␤-galactosidase assay were frozen at Ϫ20 C for subsequent analysis.
Reporter gene assays
Both luciferase and ␤-galactosidase activities were assayed in the same supernatant of left ventricular homogenates. Using a luminometer (model RS, Labsystems Luminoskan, Helsinki, Finland), luciferase activity was measured in 20-l aliquots (2.0 -2.5% of the total volume) of the supernatant, using commercially available Luciferase Assay System (Promega Corp.). ␤-Galactosidase activity was assayed in 20-l samples of the supernatant, using commercially available Luminescent ␤-galactosidase Detection Kit II (CLONTECH Laboratories, Inc., Palo Alto, CA).
Gel mobility shift assays
Nuclear extracts were prepared from ventricular tissue of shamoperated or nephrectomized rats as described by Deryckere and Gannon (28) . Protein concentration was determined using the Bio-Rad Laboratories, Inc. Protein Assay, and aliquots were frozen at Ϫ70 degree C until use. Double-stranded synthetic oligonucleotides containing GATA (5Ј-TGTGTCT GATAAATCAGAGATAACCCCACC-3Ј) motifs of the rat BNP promoter were labeled with [␣-
32 P]dCTP. Binding reactions contained 30 g crude nuclear extract and 2 g poly-(dI-dC)
. (dI-dC) in a buffer containing 10 mm HEPES (pH 7.9), 1 mm MgCl 2 , 50 mm KCl, 1 mm dithiothreitol, 0.1 mm EDTA, 10% glycerol, 0.025% NP-40, 0.25 mm PMSF, and 1 mM of each aprotinin, leupeptin and pepstatin, and when appropriate, various molar excesses of unlabeled double-stranded oligonucleotides. Reactions were carried out at room temperature for 20 min, and protein-DNA complexes were separated by electrophoresis on 5% polyacrylamide gel in 0.5ϫ Tris-borate-EDTA buffer at ϩ4 C. Nonlabeled double-stranded oligonucleotides corresponding to GATA binding sites of the BNP promoter and a GATA consensus sequence (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were used as specific competitor DNAs. Nonspecific competitor DNAs included a doublestranded oligonucleotide carrying the mutated binding site for GATA4 (5Ј-TGTGTCTGGTAAATCAGAGGTAACCCCACC-3Ј) and Oct-1 as nonrelated DNA. To confirm that each reaction contained the equal amount of nuclear protein, the labeled Oct-1 oligonucleotide probe was used. For supershift experiments, 1 g goat polyclonal GATA4, GATA5, or GATA6 affinity-purified IgG (Santa Cruz Biotechnology, Inc.) were used.
Histology
Hearts were washed and stopped in diastole by perfusion with PBS containing 50 mm KCl and then fixed by perfusion with Bouin solution (29) . Specimens were embedded in paraffin and cut into 5-m sections for immunostaining with rabbit polyclonal anti-GATA4 antibody (streptavidin/biotin immunoperoxidase method) as described previously (29) .
Isolation and analysis of RNA
Total RNA was isolated from left ventricles by the guanidine thiocyanate-CsCl method (30) . For the RNA Northern blot analysis, 20-g samples of the RNA from the left ventricles were separated by electrophoresis on agarose gel and transferred to nylon membranes. A 390-bp fragment of rat BNP cDNA (31), cDNA probes for rat GATA4 (1417 bp) and GATA6 (1175 bp) made by the RT-PCR technique, and a full-length cDNA probe complementary to rat glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) were labeled (32) , and the membranes were hybridized and washed as described previously (10) .
BNP RIA
The BNP RIA was performed as previously described (10) . The sensitivity of the assay was 2 fmol/tube, and 50% displacements of the respective standard curve occurred at 25 fmol/tube. The intra-and interassay variations were less than 10% and 15%, respectively.
Statistics
Values are mean Ϯ sem. For the comparison of statistical significance between two groups, t test was used. A P value less than 0.05 was considered statistically significant.
Results

BNP promoter elements required for basal gene expression in the adult heart
Seven days after injection, the BNP reporter construct containing 2200 bp upstream of the transcription initiation site was expressed in ventricular cells, and deletion of sequences between bp Ϫ2200 and Ϫ114 did not affect the activity of the BNP-luciferase vector (Fig. 1) . This Ϫ114 bp fragment contains two major cis-acting elements, an AP-1-like element and a GATA motif (27, 33) . Deletion of the AP-1-like element (construct Ϫ100 bp to ϩ75 bp) decreased promoter activity over 10-fold, and deletion of the distal GATA motifs (construct Ϫ76 bp to ϩ75 bp) reduced promoter activity further by 4-fold (1.7% of Ϫ2200 bp construct promoter activity, Fig.   1 ). Mutation of the AP-1-like element reduced BNP expression to 32%, and mutation of both GATA motifs at Ϫ90 bp decreased BNP expression to 57% of BNP-114 bp construct. The contribution of the GATA box at Ϫ90 bp to the ventricular-specific activity of the BNP promoter was further confirmed by the fact that a 38-bp oligonucleotide containing this GATA motif displayed transcriptional activity (2.1% of BNP2200luc construct) when inserted upstream of the minimal BNP Ϫ60 promoter (Fig. 1) . The mean activity of shortest construct (at light units) was about 10-fold higher than that of the promoterless background vector and was within the linear range of the luminometer (data not shown).
Characterization of hemodynamic overload model
Bilateral nephrectomy raised mean arterial pressure from 107 Ϯ 2 to 150 Ϯ 4 mm Hg (n ϭ 6, P Ͻ 0.001), and this increase in blood pressure was associated with a significant decrease in heart rate (from 370 Ϯ 8 to 265 Ϯ 10 beats/min, n ϭ 6, P Ͻ 0.001). Both mean arterial pressure (110 Ϯ 4 vs. 109 Ϯ 3 mm Hg, n ϭ 6) and heart rate (353 Ϯ 10 vs. 343 Ϯ 9 beats/min, n ϭ 6) remained unchanged in the sham-operated animals. Nephrectomized rats also showed clear signs of volume overload, i.e. pulmonary edema and peritoneal ascites. BNP mRNA levels were 3.9-fold (P Ͻ 0.001) higher in the left ventricles of nephrectomized (when compared with shamoperated) animals (Fig. 2B) . Also, endogenous ANP mRNA levels were 2.2-fold higher in nephrectomized rats than in sham-operated rats (P Ͻ 0.001, data not shown). The increase in ventricular BNP mRNA levels was accompanied with a significant increase in immunoreactive BNP levels in the left ventricle (15.9 Ϯ 1.3 fmol/mg vs. 8.9 Ϯ 0.8 fmol/mg, P Ͻ 0.001), and there was a tendency for plasma immunoreactive BNP levels to be higher in nephrectomized rats than in shamoperated rats (24.3 Ϯ 3.7 fm vs. 13.2 Ϯ 2.6 fm, NS). The index of ventricular hypertrophy, ventricular weight to body weight ratio, was equal in sham-operated and nephrectomized rats (3.73 Ϯ 0.09 mg/g, n ϭ 6 vs. 3.69 Ϯ 0.08 mg/g, n ϭ 6).
Transactivation of a Ϫ2200 bp BNP promoter by hemodynamic stress
To determine whether hemodynamic stress stimulates the transcription of the BNP gene, the expression of a luciferase reporter gene driven by 2200 bp of rat BNP 5Ј flanking sequences in sham-operated and hemodynamically overloaded rat ventricles was evaluated. In the animals injected with p-2200BNPluc, the mean ratio of luciferase activity to pSV␤luc was 5.1-fold higher in the ventricles of animals subjected to nephrectomy, as compared with sham operation (P Ͻ 0.001, Fig. 3 ). The expression level of pSV␤-galactosidase was similar in the left ventricles of sham-operated and nephrectomized animals (7.1 Ϯ 0.5 U/ml vs. 8.3 Ϯ 0.5 U/ml), showing that increases in the expression of p-2200BNPluc are attributable to augmentation of the transcriptional activity of the BNP promoter sequences. The effect was sequencespecific, as illustrated by the absence of hemodynamic stressstimulated increases in transcription directed by the proximal ANP promoter (p-135ANPluc, data not shown).
To evaluate the time course of the induction of BNP transcription after acute hemodynamic overload, the BNP promoter activities were analyzed also at 6 and 12 h after nephrectomy. Nephrectomy for 12 h produced a 1.7-fold (from 1.11 Ϯ 0.19 to 1.87 Ϯ 0.30 U, P Ͻ 0.05) increase in the activity of Ϫ2200 bp BNP construct, but no inducible expression was noted at 6 h post nephrectomy (1.51 Ϯ 0.32 vs. 1.74 Ϯ 0.38 U).
GATA motif is essential for hemodynamic stress induction of the BNP gene
To identify which DNA sequences mediate hemodynamic overload-stimulated increases in BNP transcription, the ability of nested 5Ј deletions to respond to nephrectomy was evaluated. The 114-bp fragment of rat BNP promoter was shown to be sufficient for inducible expression in hemodynamic stress, because deletion to Ϫ114 bp resulted in no significant decrease in inducibility in response to nephrectomy (Fig. 3) . In fact, p-114BNPluc showed the highest level of inducibility (7.2-fold) among the constructs tested. Hemodynamic stress significantly increased (over 5-fold) the expression of the Ϫ114 bp constructs containing mutation or deletion of the AP-1-like element. In contrast, mutation of both GATA motifs at Ϫ90 bp, as well as deletion of the Ϫ90 GATA-sites (construct Ϫ76 bp to ϩ75 bp), resulted in almost complete loss of inducible expression (Fig. 3) . The contribution of the GATA box at Ϫ90 bp to the inducible expression of the BNP promoter was confirmed by using a 38-bp oligonucleotide containing this site, inserted upstream of the minimal BNP Ϫ60 promoter. Hemodynamic stress significantly (3.5-fold, P ϭ 0.013) increased the expression of this construct similarly to that exhibited by the longest Ϫ2200 bp BNP-luciferase construct (Fig. 3) .
Hemodynamic stress up-regulates left ventricular GATA binding activity
Gel mobility shift assays were used to analyze the DNAbinding activities that interact with the GATA motifs of the BNP promoter (Fig. 4) . When left ventricular nuclear extracts were incubated with the 30-bp double-stranded oligonucleotide containing the Ϫ90 BNP GATA sites, a specific complex was obtained (Fig. 4A, lane 2) . To determine the specificity of ventricular GATA binding activity, competition analyses were performed. The formation of complexes with the rBNP-90 GATA probe was effectively inhibited by the unlabeled self (Fig. 4A, lanes 3 and 4) and GATA consensus DNA (Fig. 4A, lanes 7 and 8) , indicating that the DNA-protein complex was the result of a specific interaction. The binding was unaffected by an excess of oligonucleotides corresponding to the nonrelated competitor DNA Oct-1 (Fig. 4A, lane 5) or the mutated BNP GATA site (Fig. 4A, lane 6) . To confirm further that the complex bound to the BNP GATA site contains GATA proteins, supershift assays were carried out by using GATA4 (Fig. 4B, lanes 2 and 6) , GATA5 (Fig. 4B, lanes 3 and 7) , and GATA6 (Fig. 4B, lanes 4 and 8) antibodies. Experiments in which ventricular extracts from sham-operated or nephrectomized rats were used clearly showed antibodyinduced supershift of GATA4 but not GATA5 or GATA6 complexes. Bilateral nephrectomy for 26 -28 h produced a 1.93-fold increase (P Ͻ 0.01) in BNP GATA binding activity (Fig. 4C) . At 6 and 12 h post nephrectomy, there was a tendency for BNP GATA binding activity to increase, but these changes (1.33-and 1.35-fold, respectively, data not shown) were not statistically significant. and 7) , or GATA6 IgG (lanes 4 and 8) . Similar results were obtained from three independent experiments. NX, nephrectomy; N.S., nonspecific binding; Ab, antibody. C, Effect of nephrectomy on left ventricular BNP GATA binding activity. SHAM, Sham-operated rats (n ϭ 6); NX, nephrectomized rats (n ϭ 6). Data are mean Ϯ SEM. *, P Ͻ 0.01 vs. SHAM (t test).
GATA4 and GATA6 mRNA levels and immunohistochemistry
Finally, we examined the possibility that the increase in GATA binding activity could result from an increase in the expression of GATA4 gene itself or an increase in GATA4 protein. Northern blot analysis with both rat GATA4 and GATA6 probes identified a single 3.3-kb and 1.8-kb mRNA species, respectively, in the ventricles of adult rats. Bilateral nephrectomy had no effect on left ventricular GATA4 or GATA6 mRNA levels (Fig. 2) . There was no observable difference in GATA4 immunoreactivity between the ventricles of the nephrectomized and control rats as assessed by immunohistochemical staining (data not shown).
Discussion
Hemodynamic overload leads to cardiac hypertrophy and ultimately to deterioration of cardiac contractile function, but the nuclear events that are activated by hemodynamic stress and initiate the hypertrophic genetic program are not known. In the present study, we used the rat BNP promoter, because its 5Ј flanking sequences have been well characterized in in vitro transfection studies (27, (33) (34) (35) . Also, BNP gene expression is rapidly activated in response to hemodynamic stress in vivo (9, 10) , in contrast to many contractile protein genes that are activated later during hypertrophic process (1-3). Our in vivo results show that the proximal 114 bp are sufficient for basal ventricular-specific expression of the BNP gene, in agreement with previous in vitro results (27) demonstrating that in transient transfection assays of cultured neonatal rat ventricular cells, the 114-bp fragment of rat BNP promoter is sufficient for maximal cardiac BNP gene expression. Interestingly, the 114-bp fragment of rat BNP promoter also retained full hemodynamic stress responsiveness. Although this finding does not exclude the existence of hemodynamic stress responsive sequences (positive or negative) elsewhere in the rat BNP gene, our results show that Ϫ114 bp sequences are sufficient for mediating both basal and hemodynamic stress-stimulated transcription of the BNP gene.
The typical response to hemodynamic stress is the rapid activation of the immediate early gene c-fos (3, 36) . This results in the accumulation of c-fos protein, which interacts with Jun family members to constitute AP-1 activity (37). The AP-1-like element is highly conserved across species in the BNP gene (27) . Mutation of the AP-1-like element decreased BNP promoter activity; and when the AP-1-like site was deleted, basal promoter activity was reduced over 10-fold. In vitro results with nested 5Ј deletions at bp Ϫ100 have previously shown about 4-fold decrease in BNP promoter activity (27) ; thus, both in vitro and in vivo results indicate a role for this site in basal transcription. However, mutation or deletion of the AP-1-like motif had no significant effect on the hemodynamic stress-induced increase in BNP promoter activity. This result is different from those obtained with ANP promoter by von Harsdorf et al. (17) , who studied the effects of aortic banding for 7 d in dogs injected with rat ANP reporter constructs. Site-specific mutation of the ANP AP-1-like element abrogated the response to pressure overload, showing that this site is necessary for the induction of the ANP gene (17) . It has also been reported that the AP-1 site and CRE-site were sufficient to induce ANP promoter activity after acute elevation of cardiac wall stress (16) . Although several factors may account for the divergent results, the data suggest that different transcriptional factors may regulate the induction of ANP and BNP genes in response to hemodynamic overload in the intact adult heart. The response of the two gene products to mechanical stretch is also different. Both in vitro and in vivo, ANP gene expression is unresponsive to short-term wall stretch, whereas BNP is rapidly activated (8, 9, 38) .
A major finding of the present study was that the regulatory elements conferring induction of the BNP gene during hemodynamic overload map to the GATA motif. GATA4, -5, and -6, which are expressed in the developing heart (27, 39 -41) , play important roles in the transcriptional regulation of cardiac genes and heart morphogenesis (42, 43) . Induction of GATA4 precedes expression of cardiac marker genes and appearance of beating cells (34) . Moreover, inhibition of GATA4 expression with GATA4 antisense construct specifically blocked cardiac muscle gene expression (34, 35) . In vitro, transfection studies have established that GATA4 is a potent activator of BNP (27) , ANP (44, 45) , cardiac troponin C (46), ␣-MHC (47), cardiac troponin I (48), and m2 muscarinic acetylcholine receptor (49) . Mutation of GATA elements in ␣-MHC and myosin light chain decreases their transcriptional activities in vivo (47, 50) . In agreement with these reports, mutation of GATA motifs located in the BNP promoter between positions Ϫ95 bp and Ϫ85 bp decreased promoter activity about 40%, showing that the GATA motif has a slight effect on basal ventricular-specific BNP gene expression. Furthermore, in vivo injection experiments showed that after mutating or deleting both proximal GATA-sites, the inducibility to nephrectomy was completely abolished. Finally, the GATA sequences were sufficient to convert a neutral promoter to one which is hemodynamic stressresponsive.
Recently, it has been shown that the GATA sequences are required for the induction of ␤-MHC (19) and AT 1a receptor expression (21) in response to pressure overload hypertrophy. In the latter study, the authors detected reproducible binding on AT 1a GATA sites in extracts of hypertrophied (but not control) hearts (21) , suggesting that GATA binding activity is enhanced in the hypertrophied myocardium. The present study extends those findings in demonstrating that left ventricular BNP GATA4, but not GATA5 and GATA6 binding, is activated at an early stage of hemodynamic overload, well before the development of left ventricular hypertrophy. Furthermore, no significant differences in the levels of GATA4 and GATA6 mRNA or GATA4 immunoreactivity were observed, suggesting that the increase in GATA binding activity may involve posttranslational mechanisms.
The present in vivo transfection experiments demonstrate that the rat GATA motif transduces the hemodynamic stress stimulus 26 -28 h post nephrectomy. However, it is possible that other cis elements may also contribute to hemodynamic stress response. In vitro, other transcription factors, such as nuclear factor-B (NF-B) (51) and nuclear factor of activated T cells 3 (NF-AT3) (52) , are also important for BNP gene expression, and recent work has suggested that ANP ex-pression may be regulated by cooperative interaction of cis elements with GATA4 and Csx/Nkx2.5 (45) . The potential interaction of these transcription factors with GATA4, in promoting the changes in cardiac gene expression in response to hemodynamic stress in the intact rat heart, remains to be studied.
In conclusion, our study demonstrates that acute hemodynamic stress produced by bilateral nephrectomy increases BNP reporter expression through a GATA4-dependent pathway. These results identify, for the first time, a tissue-specific pathway that is involved in the adaptive response of the adult heart to acute hemodynamic overload. Whether GATA4 mediates the cardiac response to other stimuli that induce both BNP gene expression and hypertrophy (such as angiotensin II, endothelin-1, or noradrenaline) remains to be tested, especially because bilateral nephrectomy induces neurohumoral activation (23) (24) (25) .
